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   INVESTIGATION ON ADSORPTION CAPACITY 
OF TIO2-P25 NANOPARTICLES IN THE 
REMOVAL OF A MONO-AZO DYE FROM 
AQUEOUS SOLUTION: A COMPREHENSIVE 
ISOTHERM ANALYSIS 
Article Highlights 
•  TiO2-P25 nanoparticles show considerable adsorption capacity 
•  The desired pH for adsorption of AR27 onto TiO2-P25 nanoparticles was 3 
•  We report a comprehensive isotherm analysis for adsorption of AR27 onto TiO2-P25 
nanoparticles 
•  The kinetics of the adsorption process is found to follow the pseudo-second-order 
kinetic model 
 
Abstract 
In this work TiO2-P25 nanoparticles with high surface area have been used as 
adsorbent for the removal of C.I. Acid Red 27 (AR27), as an organic contam-
inant from aqueous solution. Characteristics of phases and crystallite size of 
TiO2-P25 nanoparticles were achieved from XRD and the surface area and 
pore size distribution were obtained from BET and BJH techniques. TiO2-P25 
nanoparticles with almost 80% anatase and 20% rutile phases, the average 
crystallite size of 18 nm, have specific surface area of 56.82 m
2 g
–1. The effect 
of various parameters like initial AR27 concentration, pH, contact time and 
adsorbent dosage was carried out in order to find desired adsorption con-
ditions. The desired pH for adsorption of AR27 onto TiO2-P25 nanoparticles 
was 3. The equilibrium data were analyzed with various 2-, 3- and 4-parameter 
isotherm models. Equilibrium data fitted very well by the 4-parameter Fritz-
–Schluender model. The results of the adsorption kinetics study indicated that 
the pseudo-second order kinetics provided the best fit with correlation coeffi-
cients close to unity. 
Keywords: adsorption; TiO2-P25 nanoparticles; isotherm analysis; nonli-
near regression analysis; kinetics. 
 
 
Wastewaters produced from industries contain 
different types of organic and inorganic pollutants. 
The textile industry uses large volumes of water and 
generates considerable quantities of wastewater con-
taining large amount of dissolved dye compounds [1– 
-6]. Amongst synthetic dyes, azo dyes constitute the 
largest and the most important class of commercial 
dyes with wide range applications [7]. Some dyes are 
carcinogenic, and the biodegradation of many dyes 
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yields toxic aromatic amines [8,9]. C.I Acid Red 27 
(AR27) was used as a food dye, textile dye for wool 
and silk as well as in photography [10]. However, in 
1970, Russian studies [11] showed that AR27 was 
carcinogenic. The disposal of wastewaters containing 
dye compounds is a threat to the environment. The 
removal of dyes from effluents is a major problem for 
textile industries. The various chemical and physical 
treatment methods may be efficient for the removal of 
dyes from aqueous solutions including precipitation, 
coagulation-flocculation, reverse osmosis and oxida-
tion with ozone or hydrogen peroxide [12–14]. Adsorp-
tion has proven to be one of the most effective 
methods for removal of organic and inorganic pollu-
tants from aqueous solutions. This process has low M.A. BEHNAJADY et al: INVESTIGATION ON ADSORPTION CAPACITY…  Chem. Ind. Chem. Eng. Q. 20 (1) 97−107 (2014) 
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capital investment cost, simplicity of design and ope-
ration. Adsorption onto oxides such as NiO, MgO and 
TiO2 has been found to be important for removal of 
organic and inorganic pollutants. TiO2 is widely used 
as a pigment in paints and as a semiconductor in pho-
tocatalytic removal of pollutants [15]. Adsorption is a 
vital stage in photocatalytic degradation of organic 
pollutants on TiO2 surface [16]. 
The aim of this work was to study the character-
istics of TiO2-P25 nanoparticles using some tech-
niques and investigation of their adsorption capacity 
for AR27, as an organic pollutant from textile industry. 
Non-linear trial and error method was used for anal-
ysis of equilibrium data with various 2-, 3- and 4-para-
meter isotherm models. 
EXPERIMENTAL 
Materials 
The commercial azo dye AR27 as a model pol-
lutant from textile industry was purchased from Merck. 
The AR27 is a monoazo anionic dye with C.I. number 
16185 and λmax 522 nm. The chemical structure of 
AR27 is given in Figure 1. The TiO2 sample was sup-
plied by Degussa, Germany (TiO2-P25).  Also, HCl 
and NaOH were used for adjusting pH of solutions. 
 
Figure 1. Chemical structure of C.I. Acid Red 27. 
Characterization of TiO2 nanoparticles 
XRD analysis (Siemens D5000 diffractometer) 
using CuKα radiation at 2θ angle from 5 to 70° was 
used in order to determine the crystallite size and 
phase composition of the TiO2-P25 nanoparticles. 
The average crystallite size of the particles was cal-
culated according to Scherrer’s equation [17]: 
cos
k
D
λ
β θ
=  (1) 
where D is the average crystallite size (nm), k is a 
constant equal to 0.89, λ is the X–ray wavelength equal 
to 0.154056 nm, β is the full width at half maximum 
intensity (FWHM) and θ is the diffraction angle. 
If a sample contains only anatase and rutile, the 
mass fraction of rutile can be calculated from the fol-
lowing equation [18]: 
A
R
100
Rutile phase%
10 . 8
I
I
=

+ 

 (2) 
where IA and IR are integrated intensities of the ana-
tase and rutile peaks, respectively. 
Surface area and porosity were defined by Bru-
nauer–Emmett–Teller (BET) and Barrett-Joyner-Hal-
enda (BJH) measurements using Belsorp mini II ins-
trument based on N2 adsorption-desorption. 
Adsorption studies 
The adsorption experiments were performed via 
the batch technique at the temperature of 25 °C. 
Adsorption of AR27 onto TiO2-P25 nanoparticles was 
done under various conditions such as initial pH (3, 5 
and 9), adsorbent dosage (0.2, 0.5 and 1 g L
–1) and 
initial AR27 concentration (10, 20, 40, 60 and 80 mg 
L
–1). A stock solution of AR27 was prepared in 200 mg 
L
–1 concentration and the diluted to the appropriate 
concentration. The initial pH was adjusted to the 
required values with small amount of NaOH or HCl 
solutions before mixing with the TiO2-P25 nanopar-
ticles. Samples were centrifuged at 4000 rpm for 5 
min and measurement of AR27 remaining concen-
tration in the solution was done using a UV-Visible 
spectrophotometer (Pharmacia Biotech Ultrospec 
2000). The adsorption yield (%) was calculated from 
the following equation: 
0
0
Adsorption% 100
t CC
C
−
=×  (3) 
where  C0: initial AR27 concentration (mg L
–1);  Ct: 
AR27 concentration at any time (mg L
–1). 
The amount of AR27 adsorbed onto TiO2-P25 
nanoparticles at equilibrium, qe (mg g
–1), was cal-
culated by the following relationship: 
0e
e
() CCV
q
W
−×
=  (4) 
where  Ce is the equilibrium concentration of AR27 
(mg L
–1), V is the volume of the solution (L) and W is 
the weight of the TiO2-P25 nanoparticles as an adsor-
bent (g). In the all experiments the volume of the solu-
tion was 100 mL. 
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RESULTS AND DISCUSSION 
Characterization of TiO2 nanoparticles 
  The XRD pattern of TiO2-P25 nanoparticles 
(Figure 2) for 2θ diffraction angles between 5 and 70° 
shows five primary peaks at 25.2, 38, 48.2, 55 and 
62.5°, which can be attributed to different diffraction 
planes of anatase TiO2 and four different peaks at 
27.5, 36, 54 and 69°, which can be attributed to dif-
ferent diffraction planes of rutile phase of TiO2. 
According to the XRD results TiO2-P25 nanoparticles 
have almost 80% anatase and 20% rutile phases. 
The average particle size of TiO2-P25 nanoparticles 
was determined from the XRD pattern according to 
Scherrer’s equation as 18 nm.Figure 3a shows 
nitrogen adsorption-desorption isotherms onto TiO2-
P25 nanoparticles, which is in accordance with 
classical type III isotherm of IUPAC classifications 
suggesting the presence of mesoporous structure 
[19]. BET surface area and total pore volume of the 
TiO2-P25 nanoparticles which determined by N2 
physisorption experiments were 56.82 m
2 g
–1 and 
0.3879 cm
3 g
–1, respectively. Figure 3b shows the 
pore size distribution of the TiO2-P25 nanoparticles as 
estimated according to the BJH method from the 
adsorption branch. As it is evident, the sample 
 
Figure 2. XRD Pattern of TiO2-P25 nanoparticles. 
 
 (a)  (b) 
Figure 3. Nitrogen adsorption and desorption isotherms and pore size distribution curve calculated from the adsorption branch 
for TiO2-P25 nanoparticles. M.A. BEHNAJADY et al: INVESTIGATION ON ADSORPTION CAPACITY…  Chem. Ind. Chem. Eng. Q. 20 (1) 97−107 (2014) 
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presents a quite extended pore size distribution range 
from 2 to over 100 nm. TiO2-P25 nanoparticles 
produced through hydrolysis of TiCl4 in a hydrogen 
flame do not contain pores in each TiO2 crystallites. 
Therefore, the formation of the pore structures in the 
samples could be attributed to the aggregations of 
TiO2 crystallites [20]. TiO2-P25 nanoparticles with 
high surface area can be used for efficient adsorption 
of environmental pollutants with optimization of 
operational parameters. 
Adsorption behavior  
The effect of initial pH 
The adsorption of AR27 was studied at different 
initial pHs and adsorbent dosages. Figure 4 indicates 
the effect of initial pH on the adsorption percent of 
AR27 onto TiO2 at 25 °C after 30 min equilibration for 
60 mg L
–1 initial AR27 concentration. The results show 
that the pH of the system plays an important role in 
this process and higher adsorption can be obtained at 
lower pH values; thus, highest adsorption occurred at 
pH 3. 
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Figure 4. Effect of initial pH on the adsorption of AR27 onto 
TiO2-P25 nanoparticles. [AR27]0 = 60 mg L
–1. 
The interaction of solute with metal oxide sur-
face is determined by surface charge of metal oxide 
and ionization state of solute. Nanoparticles of TiO2 in 
water are of amphoteric nature and are known to 
have the following acid-base equilibrium [21]: 
1
2 TiOH TiOH H
a pK ++ ⎯⎯⎯ → >+ ←⎯⎯ ⎯  (5) 
1 TiOH TiO H
a pK −+ ⎯⎯⎯ → >+ ←⎯⎯⎯  (6) 
The pH of zero point of charge (pHzpc) rep-
resents surface charge of metal oxide at different 
initial pHs. At low pH under conditions in which pH <  
< pHzpc the positively charged surface sites on the 
adsorbent increase, while at high pH under conditions 
in which pH > pHzpc the negatively charged surface 
sites increase. The pHzpc for TiO2-P25 nanoparticles 
is 6.25 [22]. Interactions between AR27 molecules 
with anionic character and adsorbent sites will be 
favored at low pH (pH < pHzpc). In the other words, 
formation of  2 TiOH
+ >  at low pH values and electro-
static attraction is mainly responsible for AR27 
adsorption onto TiO2 surface [8,24,25]. 
The effect of initial dye concentration, contact time 
and adsorbent dosage  
Figure 5 shows the effect of contact time and 
initial AR27 concentration in the adsorption percent 
onto TiO2-P25 nanoparticles. Results in this figure 
indicate that adsorption percent decreases signi-
ficantly from 97 to 39% with increasing of initial con-
centration of AR27 from 10 to 80 mg L
–1. Lower 
adsorption percent at higher initial concentrations of 
AR27 can be related to the saturation of adsorption 
sites onto TiO2-P25 nanoparticles. According to the 
results in this figure majority of adsorption occurred in 
the first 5 min and then the adsorption % increases 
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Figure 5. The effect of contact time and initial AR27 concentration on the adsorption of AR27 onto TiO2-P25 nanoparticles. 
TiO2-P25 = 1 g L
–1, pH 3. M.A. BEHNAJADY et al: INVESTIGATION ON ADSORPTION CAPACITY…  Chem. Ind. Chem. Eng. Q. 20 (1) 97−107 (2014) 
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with a very low slope. The rapid adsorption at the 
initial 5 min indicates surface bound adsorption to 
available positively charged surface of TiO2-P25 
nanoparticles as a result of electrostatic attraction and 
the slow second phase is due to the slow diffusion of 
solute onto the pores of TiO2-P25 nanoparticles [23]. 
The results in this figure show that the required con-
tact time to reach the equilibrium of AR27 onto TiO2- 
-P25 nanoparticles is 20 min. The results in Table 1 
show the effect of initial AR27 concentration in the 
adsorbed amount at equilibrium time (qe). As can be 
seen from these results, qe increases with increasing 
of initial AR27 concentration. This is probably due to a 
high driving force for mass transfer. In the other 
words, higher initial concentrations provide an impor-
tant driving force for adsorption of AR27 onto TiO2- 
-P25 nanoparticles. The results in Table 1 indicate 
that adsorption percent increases and qe decreases 
with increasing of adsorbent dosage. Increasing of 
adsorption % is due to the enhancing of adsorbent 
surface area which results from increasing of adsor-
bent dosage. The qe decrease in the result of adsor-
bent dosage increase can be related to the unsatu-
ration of some adsorption sites in the high adsorbent 
dosages. 
Adsorption isotherm analysis 
The adsorption isotherms can be used to quan-
tify the amount of adsorbed substrate on an adsor-
bent as a function of concentration at a given tempe-
rature. Various 2, 3 and 4-parameter isotherm models 
were proposed in literature for describing the amount 
of adsorbate at equilibrium conditions. The different 
parameters in adsorption models provide some infor-
mation about sorption mechanism, surface properties 
and affinity of sorbent [26].  
Two-parameter (2-p) isotherm models 
A list of 2-p isotherm models is given in Table 2. 
All the model parameters were evaluated by non- 
-linear trial and error method using Polymath 6.0 soft-
ware, because non-linear method avoids the variation 
in error distribution due to linearization and is more 
appropriate method to determine optimum sorption 
isotherm [26]. The calculated adsorption models para-
meters at 95% confidence interval; regression coeffi-
cient (R
2) and adjusted regression coefficient (R
2
adj) 
are reported in Table 3. In this work R
2 and R
2
adj were 
used to gauge the goodness-of-fit. For the regression 
model to be stable and statistically valid, the confi-
dence intervals must be much smaller than the res-
pective parameter values. Figure 6 show non-linear 
regression of 2-p isotherm models to experimental data. 
Table 2. 2-Parameter isotherm models 
Model Equation  Parameters 
2-p Langmuir mLe
e
Le 1
q KC
q
KC
=
+  
qm, KL
2-p Freundlich  1
eF e
n q KC =  
KF, n
2-p Temkin 
eT e ln( )
RT
q KC
Q
=
Δ  
KT, ΔQ 
Langmuir isotherm model 
The Langmuir adsorption model is the most 
common isotherm model, which describes the mono-
layer coverage of adsorbate molecules on adsorbent 
sites without any interactions between adsorbate 
molecules on adjacent sites. In this isotherm all sites 
are equivalent and the surface is homogeneous [27]. 
The results of non-linear regression analysis of Lang-
muir model for adsorption of AR27 onto TiO2-P25 
indicate a relatively high R
2 between 2-p isotherm 
models and also good accordant between R
2 and 
R
2
adj. The maximum mono-layer capacity (qm) obtained 
from Langmuir model was 38.88 mg g
–1. Table 4 lists 
maximum capacity of the mono-layer adsorption of 
TiO2-P25 and other metal oxide nanoparticles reported 
in the literature. In general tested TiO2-P25 in this 
work exhibited comparable adsorption capacity in 
comparison with other metal oxide nanoparticles.  
KL in the Langmuir model is a constant attributed 
to the affinity between the adsorbate and adsorbent 
[29]. A dimensionless constant called the separation 
factor (KR) can be used for indicating the type of 
adsorption using the Langmuir constant (KL) as fol-
lows: 
Table 1. The AR27 adsorption and qe in different adsorbent dosages and initial adsorbate concentrations 
TiO2 dosage 
g L
–1 
AR27 concentration, mg L
–1 
10 20 40  60  80 
Adsorption 
% 
qe 
mg g
-1 
Adsorption
% 
qe 
mg g
-1 
Adsorption
% 
qe 
mg g
-1 
Adsorption 
% 
qe 
mg g
-1 
Adsorption
% 
qe 
mg g
-1
0.2 36.065  18.905  30.087  34.401  19.230  44.938  13.785  56.921  9.508  57.05 
0.5 70.954  14.669  64.13  26.818  31.744  35  27.509  37.479  24.826  44.587
1 91.250  9.360  78.174  16.178  69.231  26.657  55.044  34.814  38.824  35 M.A. BEHNAJADY et al: INVESTIGATION ON ADSORPTION CAPACITY…  Chem. Ind. Chem. Eng. Q. 20 (1) 97−107 (2014) 
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R
L0
1
1
K
KC
=
+
 (7) 
KR value indicate the type of adsorption as: KR = 0 
irreversible adsorption, 0<KR<1 favorable adsorption, 
KR = 1 linear adsorption, KR>1 unfavorable adsorption. 
KR values obtained for adsorption of AR27 onto 
TiO2-P25 at different initial concentrations of adsor-
bate are between zero and one, indicating the 
adsorption is favorable. 
Freundlich isotherm model  
The Freundlich isotherm is the most important 
adsorption isotherm for rough and heterogeneous 
surfaces with interaction between adsorbed mole-
cules. In this isotherm 1/n is the heterogeneity factor 
and indicates deviation from linear adsorption. If the 
value of n = 1, the adsorption is linear; if n < 1, the 
adsorption is chemical; and if n > 1, the adsorption is 
a favorable physical process [30]. The R
2 value 
obtained for Freundlich isotherm is slightly lower than 
other 2-p isotherm models. According to the experi-
mental data in high concentrations of adsorbate a 
plateau is reached (Figure 6). The Freundlich iso-
therm cannot predict this plateau [29]. The value of 
3.458 for n indicates that adsorption of AR27 onto 
TiO2-P25 is a favorable physical process. 
Temkin isotherm model  
Temkin studied [31] the heat of adsorption and 
the adsorbate-adsorbate interactions. This isotherm 
gave a satisfactory fit to experimental data. In this 
isotherm ΔQ is related to the heat of adsorption, T is 
Table 4. Comparison of the maximum adsorption capacity of TiO2-P25 with other metal oxide nanoparticles 
Dye Adsorbent  qm / mg g
-1 Reference 
Reactive Brilliant Red X-3B  NiO nanosheets  30.40  [28] 
Congo Red    35.15  [28] 
Fuchsin Acid    22  [28] 
Reactive Yellow 145  TiO2/SiO2  ≈ 9.47  [25] 
Reactive Black 5    ≈ 6.82  [25] 
Acid Red 27  TiO2-P25 38.88  This  work 
Table 3. 2-Parameter isotherm model parameter values (±95% confidence level) 
Model  R
2  R
2
adj Parameters  Parameters  values 
2-p Langmuir  0.975  0.969  qm 
KL 
38.884 (±0.145) 
0.242 (±0.004) 
2-p Freundlich  0.963  0.954  KF 
n 
12.517 (±5.7×10
-4) 
3.458 (±1.7×10
-4) 
2-p Temkin  0.975  0.969  RT/ΔQ 
KT 
6.629 (±2.5×10
-4) 
5.262 (±7.9×10
-4) 
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Figure 6. 2-parameter isotherm models for adsorption of AR27 onto TiO2-P25 nanoparticles. TiO2-P25 = 1 g L
–1, pH 3. M.A. BEHNAJADY et al: INVESTIGATION ON ADSORPTION CAPACITY…  Chem. Ind. Chem. Eng. Q. 20 (1) 97−107 (2014) 
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the absolute temperature (K), R is the universal gas 
constant (8.314 J mol
–1 K
–1) and KT is the Temkin 
model constant (L mg
–1) [31]. The adsorption energy 
obtained for adsorption of AR27 onto TiO2-P25 was 
373.75 J mol
–1, which indicates an endothermic adsorp-
tion process. 
Three-parameter (3-p) and four-parameter (4-p) 
isotherm models 
A list of 3-p and 4-p isotherm models is given in 
Table 5. All the model parameters for these isotherms 
evaluated by non-linear method and R
2 and R
2
adj 
values are reported in Table 6. Figure 7 also shows 
non-linear regression of 3-p and 4-p isotherm models 
to the experimental data. 
Table 5. 3- and 4-Parameter isotherm models 
Model Equation  Parameters
3-p Redlich-
Peterson 
e
e g
e 1
AC
q
BC
=
+  
A, B, g
3-p Sips 
ma e
e
ae
()
1( )
qK C
q
KC
α
α =
+  
qm, Ka, α 
3-p Toth  mT He
e 1
TH e [1 ( ) ]
qK C
q
KC
β β
=
+
 
qm, KTh, β 
4-p Fritz-
Schluender 
e
e
e 1
K
M
JC
q
LC
=
+  
J, K, L, M
Redlich-Peterson isotherm model  
The Redlich-Peterson isotherm is an empirical 
equation with three parameters, which has features of 
the both Langmuir and Freundlich isotherm equa-
tions. In this equation A, B and g are model constants, 
which the value of g lies between 0 and 1 [32]. When 
g = 1, this isotherm transforms to Langmuir isotherm 
and when g = 0 transforms to linear form of Freund-
lich isotherm (Henry’s law) [26]. The value of 0.9 for g 
in Redlich-Peterson isotherm indicates that the iso-
therm is approaching the Langmuir but not Freundlich 
isotherm, which proves previous results of better fit-
ting of experimental data by the Langmuir isotherm 
model.  
Sips isotherm model  
An isotherm was proposed by Sips in 1948 [33] 
that has a similar form to the Freundlich isotherm and 
at low adsorbate concentrations reduces to this iso-
therm. The Sips isotherm at high adsorbed concentra-
tions predicts a mono-layer adsorption capacity simi-
lar to the Langmuir isotherm. The parameter of α in 
this isotherm is related to the system’s heterogeneity 
[34]. The Sips isotherm shows a good prediction of 
AR27 adsorption onto TiO2-P25 nanoparticles, with 
relatively high value of R
2. The value of α is closer to 
1 and indicates that the adsorption of AR27 onto 
TiO2-P25 nanoparticles is approaching Langmuir form 
more than Freundlich form.  
Toth isotherm model  
Toth isotherm was derived from potential theory 
for adsorption in heterogeneous systems. This iso-
therm assumes most adsorption sites have sorption 
energy less than the mean value [35]. Unlike to 
Freundlich and Sips isotherm models, this isotherm 
reduces into the correct Henry law in the low concen-
trations and for β = 1 this isotherm transforms to the 
Langmuir isotherm. The value of β in this study is 
closer to 1, meaning that AR27 adsorption onto TiO2- 
-P25 nanoparticles is more of a Langmuir form.  
Fritz-Schluender isotherm model  
This isotherm contains more parameters than 
any other isotherms and is an empirical isotherm [36]. 
In the absence of a theoretical model that could 
account for the chemical heterogeneity of the surface 
Table 6. 3- and 4-Parameter isotherm model parameter values (±95% confidence level) 
Model  R
2  R
2
adj Parameters Parameters  values 
3-p Redlich-Peterson  0.977  0.962  A 
B 
g 
16.314 (±0.145) 
0.7 (±0.9)  
0.9 (±0.2) 
3-p Sips  0.983  0.972  qm 
Ka 
α 
45.749 (±1.8×10
-3) 
0.156 (±2.7×10
-5)  
0.691 (±9.3×10
-5) 
3-p Toth  0.977  0.962  qm 
KTh 
β 
28.526 (±40.1813) 
0.654 (±2.6475)  
0.873 (±0.4045) 
4-p Fritz-Schluender  0.995  0.988  J 
K 
L 
M 
10.069 (±3.5×10
-4) 
0.426 (±1.1×10
-5)  
0.0002 (±2.8×10
-8) 
2.071 (±4.5×10
-5) M.A. BEHNAJADY et al: INVESTIGATION ON ADSORPTION CAPACITY…  Chem. Ind. Chem. Eng. Q. 20 (1) 97−107 (2014) 
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and simultaneous prevalence of different adsorption 
mechanisms; perhaps a model with more parameters 
could be able to predict equilibrium data better [29]. A 
comparison between R
2 values for fitting experimental 
data by various isotherm models indicating that the 
4-p Fritz-Schluender model fits experimental data 
better than other isotherms. In comparison with other 
curves obtained for various isotherms in Figures 6 
and 7, better coincidence was obtained between 
experimental and results obtained from the 4-p Fritz-
Schluender model. 
Adsorption kinetic studies 
Kinetic modeling 
Adsorption kinetics is expressed as the adsor-
bent removal rate which is important in estimating the 
required residence time of adsorbent in the system. 
Various kinetic models have been used in adsorption 
process. The pseudo-first-order and pseudo-second-
order are the widely used kinetic models in this pro-
cess [34]. 
The Lagergren pseudo-first-order kinetic model 
is expressed as follows [37]: 
1
ee log( ) log
2.303
t
kt
qq q −= −  (8) 
where qe is the adsorption capacity at equilibrium (mg 
g
–1), qt is the adsorption capacity at time t (mg g
–1) and 
k1 is the pseudo-first-order rate constant (min
–1). The 
plot of  log(qe – qt) against t gives a slope of k1 and 
intercept of log qe. The values of R
2 for the pseudo-
first-order kinetic model in the adsorption of different 
concentrations of AR27 onto TiO2-P25 are lower than 
0.92 (Table 7), which indicates that the pseudo-first-
order kinetic model can not fit perfectly the experi-
mental data.  
The Ho pseudo-second-order kinetic model is 
expressed as follows [38]: 
2
e 2e
1
t
tt
q q kq
=+  (9) 
The constants of this equation were determined 
experimentally by plotting t/qt versus t (Figure 8). The 
values of k2, qe and R
2 for pseudo-second-order kine-
tic model are given in Table 7. Results in Table 7 
show that AR27 adsorption onto TiO2-P25 nanopar-
ticles has very good compliance with pseudo-second-
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Figure 7. 3- and 4-parameter isotherm models for adsorption of AR27 onto TiO2-P25 nanoparticles. TiO2-P25 = 1 g L
–1, pH 3. 
Table 7. The pseudo-first-order, pseudo-second-order and intraparticle diffusion kinetic model constants for the adsorption of the AR27
onto TiO2-P25 for different AR27 initial concentrations. TiO2-P25 = 1 g L
-1, pH 3 
[AR27]0 
mg L
-1 
qe(exp.) 
mg g
-1 
Pseudo-first-order kinetic model  Pseudo-second-order kinetic model Intraparticle diffusion kinetic model 
k1  
min
-1 
qe(cal.) 
mg g
-1 
R
2  k2  
g mg
-1 min
-1 
qe(cal.) 
mg g
-1 
R
2  kp,2 
mg g
-1 min
-0.5 
Ci 
mg g
-1 
R
2 
10  9.36  0.25  4.93  0.854  0.425  9.42 0.999  0.188  8.42 0.914 
20 16.18  0.32  5.14  0.744  0.791  16.23  1  0.087  15.76  0.959 
40 28.66  0.24  18.28  0.917  0.068  29.41  0.999  1.055  23.72  0.954 
60 34.81  0.20  22.23  0.875  0.046  35.46  0.999  1.498  27.33  0.932 
80 33.12  0.08  15.42  0.782  0.047  33.44  0.998  1.300  26.23  0.962 M.A. BEHNAJADY et al: INVESTIGATION ON ADSORPTION CAPACITY…  Chem. Ind. Chem. Eng. Q. 20 (1) 97−107 (2014) 
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order kinetic model. The values of R
2 are greater than 
0.99 for all experiments. Also, the calculated qe values 
are in good agreement with the experimental data. 
According to this model two reactions occur, the first 
one is fast and reaches equilibrium quickly and the 
second is slow that can continue for a long time [39]. 
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Figure 8. The pseudo-second-order kinetic plot for adsorption of 
AR27 onto TiO2-P25 nanoparticles. TiO2-P25 = 1 g L
–1, pH 3. 
Adsorption mechanism 
In order to identify adsorption mechanism 
Weber and Morris [40] intraparticle diffusion model 
was tested. This model is expressed as follows: 
0.5
p ti i q kt C =+  (10) 
where kpi is the rate parameter of stage i (mg g
–1 min
–0.5) 
and Ci is the intercept of stage i that gives an idea 
about the thickness of boundary layer. The plot of qt 
against  t
0.5 (Figure 9) indicates that the adsorption 
process is comprised of two phases, involving 
adsorption on the external surface and intraparticle or 
pore diffusion. In the other words, the initial linear 
portion of the plot indicates boundary layer effect, 
while the second linear portion is due to intraparticle 
diffusion. Therefore the slope of second linear portion 
of the plot has been considered as the kp (Table 7) 
[39,41]. 
CONCLUSION 
In this work TiO2-P25 nanoparticles with 18 nm 
crystallite size and 58.6 m
2 g
–1 surface area containing 
80% anatase and 20% rutile were used as an efficient 
adsorbent for removal of AR27 as a monoazo anionic 
dye from aqueous solutions. Experimental data indi-
cate that pH is a very important factor in this process 
and optimal pH for highest adsorption of AR27 onto 
TiO2-P25 nanoparticles is 3. Adsorption percent is 
sensitive to AR27 initial concentration and decreases 
from 97 to 39% with increasing initial concentration of 
AR27 from 10 to 80 mg L
–1. The maximum mono-layer 
capacity of TiO2-P25 in the adsorption of AR27 
reached 38.88 mg g
–1, which is comparable with other 
metal oxide nanoparticles. A comprehensive isotherm 
analysis for adsorption of AR27 onto TiO2-P25 nano-
particles indicates that the best fit to the equilibrium 
data was provided by the 4-p Fritz-Schluender model. 
The kinetics of the adsorption process was found to 
follow the pseudo-second-order kinetic model. Gene-
rally, the TiO2-P25 nanoparticles were effectively cap-
able to remove the wide range concentrations of 
AR27 from aqueous solutions in acidic pHs. 
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NAUČNI RAD 
   ISPITIVANJE ADSORPCIONOG KAPACITETA 
TIO2-P25 NANOČESTICA ZA UKLANJANJE 
MONO-AZO BOJE IZ VODENOG RASTVORA: 
SVEOBUHVATNA ANALIZA IZOTERMI 
U ovom radu, TiO2-P25 nanočestice velike specifične površine su korišćene kao adsorbent 
za uklanjanje azo boje Acid Red 27 (AR27) iz vodenog rastvora. Karakteristike faza i 
veličina kristala TiO2-P25 nanočestica su određene XRD analizom, dok su specifična 
površina i raspodela veličine pora dobijene BET i BJH tehnikom. TiO2-P25 nanočestice sa 
gotovo 80% anataz faze i 20% rutil faze, srednje veličine kristala 18 nm, imaju specifičnu 
površinu 56,82 m
2 g
-1. Da bi se odredili željeni uslovi adsorpcije, ispitivan je uticaj različitih 
parametara (početna koncentracija AR27, pH, kontaktno vreme i doza adsorbenta). 
Poželjna pH vrednost za adsorpciju AR27 na TiO2-P25 nanočesticama je bio 3. Ravno-
težni podaci su analizirani dvo-, tro- i četvoro-parametarskim modelima adsorpcione izo-
terme. Ravnotežni podaci dobro fituju četvoro-parametarski model Fritz-Schluendera. Re-
zultati proučavanja kinetike adsorpcije su pokazali da model sa kinetikom pseudo drugog 
reda daje najbolj slaganje, sa koeficijentom korelacije blizu jedan. 
Ključne reči: TiO2-P25 nanočestice, analiza izotermi, nelinearna regresiona ana-
liza, kinetika. 
 
 